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1. INTRODUCTION 

Capacitors are widely used in distribution systems for reactive power compensation to achieve 
power and energy loss reduction, system capacity release and acceptable voltage profile. The extent of these 
advantages depends on the location, size, type and number of the capacitors as well as on their control 
settings. The capacitor allocation problem is a well-researched topic. Actually at the early stage of research, 
the main advantages that can be derived from applying shunt capacitors to the distribution feeders were 
evaluated. 

The problem was solved using analytical methods for simplified models of the feeders and their load 
distribution [1-6]. The need to find a general solution for real distribution systems together with advances in 
computer technology brought to life a new generation of methods and techniques based on computer 
applications in [7-9]. These methods presented the annual return that can be yielded from capacitor 
application as an explicit function of location and size of pole-mounted capacitors. Different numerical 
methods were used to maximize the return and to find optimum capacitor allocation. All of the above 
mentioned approaches considered capacitor application to an individual feeder. In [10-13] the authors 
incorporated the station capacity release into their models. In [11] the losses evaluation energy in transformer 
station were included. It should be noted that a station capacity release and losses reduction in the 
transformer could not be calculated based on capacitor allocation on an individual feeder. 

These values should be determined by the station capacitor bank (if any). Within the past ten years 
further research has taken place in the field of optimal capacitor placement in [14-15]. Load-flow on 
balanced or unbalanced radial feeders has been employed to evaluate the fitness of arbitrary solutions. 
Optimum capacitor placement has been achieved using sophisticated methods such as fuzzy logic, simulated 
annealing and genetic algorithms recently the cat swarm algorithm (CSO) will be applied to this problem. 
The above-mentioned methods have been used for capacitor allocation on an individual feeder, while only 
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real-power losses in the feeder are considered. These methods enable one to find the optimum capacitor 
allocation and control solution for an individual feeder from the viewpoint of loss reduction in the feeder. 
Since overall system advantages due to the capacitor application are not considered, this solution cannot be 
treated as an optimal one. Besides, determining capacitor placement from the standpoint of individual feeders 
and neglecting capacitor switching transients may lead to inserting a pole-mounted capacitor close to a 
station capacitor bank or to other pole-mounted capacitors. Switching a pole-mounted capacitor in the 
vicinity of other capacitors may subject the capacitor to extremely high inrush currents, which cause failures 
of capacitors and their switch-gear. The primary objective of this work is to present an ant colony approach 
to the problem of capacitor allocation on radial distribution feeders. Capacitor allocation is treated as a 
medium voltage (MT) reactive power planning procedure, while special concern is given to constraints 
imposed by capacitor switching transients. An ant colony algorithm is used to determine optimal placement 
and control of capacitors, so that the economic advantages achieved from system capacity release, overall 
peak load power and energy losses reduction is maximized. The rest of this paper is outlined as follows. We 
start in Section 2 with the problem formulation and system model description. Next, we describe the 
advantage of capacitor implementation in Section 3. The Capacitor allocation constraints are presented in 
Section 4. In Section 5, we present an illustrative example and conclusion. 


2. RPROBLEM FORMULATION AND SYSTEM MODEL DESCRIPTION 

In the general case, reactive power compensation on the medium voltage level can be achieved by 
the combination of a station capacitor bank on the secondary side of the station transformer with pole- 
mounted capacitors on the downstream distribution feeders. Main economic advantages that can be derived 
from medium voltage capacitor application can be summarized in [1-2] and [16] as: 
(i) Transmission and transformation kVA capacity release. 
(11) Reduction of overall system peak-load losses. 
(ii) Reduction of annual system energy losses. 
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Figure 1. Series-parallel Distribution System Model for Capacitor Allocation 


The system approach to optimal capacitor allocation on the distribution level is to determine kVAr 
ratings, placement and control settings of a station capacitor bank and of pole-mounted capacitors that 
maximize the above mentioned system advantages against the cost of capacitors. The optimal capacitor 
allocation solution shall also meet the requirements of an acceptable voltage profile along feeders in peak- 
load and off-peak states and shall conform to permissible inrush currents during capacitor switching. Optimal 
capacitor allocation is considered for the general series-parallel distribution system model as shown 
in Figure 1. Loads are supplied through radial distribution feeders fed from one of station transformers. Since 
parallel operation of station transformers is generally used, an equivalent scheme of power supply to some 
distribution system can be presented as a series connection of a transmission system, a station transformer 
and a network of feeders. 

The transmission system is presented by a series-parallel network. The transformer model is 
comprised of an excitation branch and of transformer series impedance connected in series with an ideal 
transformer. Since most transformers are equipped with ACP, the transformation factor is assumed to be 
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changing with transformer loading, so as to keep constant (or load-dependent) voltage on the secondary side 
of the transformer. The distribution system is comprised of a network of radial distribution feeders. Each 
feeder includes a three-phase symmetrical main feeder and three-phase symmetrical lateral branches having 
any configuration, any conductor sizes and any number of distribution transformers of different kVA rating. 
Loads are treated as constant power sinks. Shunt capacitors are represented as susceptances, whose reactive 
power injection is proportional to the square of voltage at their nodes. 

The advantages can be calculated based on load-flows in the considered system model. Since we are 
interested in thermal capacity release and peak-load loss reduction, the readings of peak-load loading of the 
feeders, of the feeding transformer and of the station are required. Calculation of annual energy loss 
reduction necessitates using Annual Load Duration Curves of the whole station and of the considered 
transformer. These curves are approximated by piecewise linear functions. The year is divided into n 
intervals during which the load profiles and load distribution between feeders are assumed to be constant as 
in [16-17]. We suppose that loads on each feeder vary in a conformal way proportional to annual load 
demand curve of the feeding transformer and to the power (current) loading of the feeder. For each load 
level, power flow calculations are performed to determine power losses and voltage variations along the 
feeders. Optimum capacitor placement on a distribution system includes optimum allocation of pole-mounted 
capacitors in addition to installation of a station capacitor bank on the secondary side of the feeding 
transformer. We assume that due to standardization, utilities generally use one or two sizes of station 
capacitor banks on the secondary side of a specific transformer and two or three sizes of pole-mounted 
capacitors. For a capacitor in specified rating station. 


3. ADVANTAGE OF CAPACITOR IMPLEMENTATION 

We consider the series-parallel distribution system as depicted in Figure 1 which has the station 
capacitor bank with Qce KVAR rating and K pole-mounted capacitors arbitrarily allocated on the 
downstream feeders. Each j-th pole-mounted capacitor is characterized by its KVAR rating 2; belonging to 
(f)-4) 


a specified set of capacitor ratings, by its cost ~/ and by its location , where fi is the number of a 


1. 
feeder and / is the number of the section on which the capacitor is installed. 


3.1. Advantage Of System Capacity 

Unlike calculations of system capacity release in [10], [11] and [13], the proposed method takes into 
account parameters of the station transformer and reduction of active and reactive power losses in the 
distribution system and in the feeding transformer due to application of medium voltage capacitors. The 


: : S : : 
primary loading of a transformer, ~! can be expressed as a function of its secondary load. 
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In Equation (1): 
R 


APS AQ re: Lhe no-load transformer active and reactive losses, respectively. 


> & ,,: The transformer series resistance and leakage reactance. 


V : The voltage maintained on the secondary side of the transformer. 


V,, : The rated secondary voltage of the transformer. Under the peak load conditions without reactive power 


compensation the transformer loading on the primary side is Sj, = f(P, oon One ), where P,,.,, and 


Q) max are the maximum active and reactive load, respectively on the secondary side. The application of the 


station capacitor bank and pole-mounted capacitors results in the reduction of peak-load active power losses 
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in the distribution system by AP. and in the total reduction of reactive power on the secondary side of the 


transformer by AQ. . Thus, the additional load 2(P, mae Q, ane ) can be served by the transformer without 


increasing its primary side loading Simax The per-unit load increase g can be determined from the equation: 


Dies = f ((Baux (1+ ¢)— AP.) (Q) max (1+ ¢)—AQ,)) (2) 
The system capacity release SCR can be expressed as a function of g as follows: 


AScr = f (Py max(1+ 8), Q marl! + £))— Simax (3) 
The annual benefit due to the released system capacity is C; AS cp, where C’, the cost of system 
thermal capacity releases. 


3.2. Advantage Of Peack Load Loss Reduction 


The cost of peak-load loss reduction C py, can be represented as: 


C -(P _ pina) 
PL Lmax comp L (4) 
Where P, .,, is system peak-load losses, which include losses in the distribution system, in its 


7 . eae 7 7 : Lmax : 
transformer and in the equivalent transmission system without reactive power compensation; gies comp 1S 


the same when the considered medium voltage capacitors are applied; “L is annual cost of peak-load real 


power losses [$/ KW Jor [DA q Kw]. 
One $ Usa: Bought /00 Dinar Algerian 


3.3. Advantage Of Energy Loss Reduction 

Annual energy loss reduction depends on control of the considered capacitors during the year. It is 
assumed that the station capacitor bank energization is controlled by its reactive power regulator, while the 
pole-mounted capacitors are switched by their time-control devices. In order to evaluate the fitness of any 
arbitrary solution, it is assumed that all pole-mounted capacitors are switched in conforming way at every 
load level. Therefore, for each load level the following possible modes of capacitors are considered: 
1. All medium voltage capacitors are disconnected. 
2. All pole-mounted capacitors are switched on, while a station capacitor bank is disconnected. 
3. All pole-mounted capacitors as well as a station capacitor bank are in operation. The assumption of the 
conforming control of pole-mounted capacitors is suitable for distribution systems with conformal variations 
of their loads, if the time controlled capacitors of 20 KVAR ratings and higher are used. To determine the 
optimum capacitor control resulting in maximum energy reduction at i-th load level, total power loss 
reduction for all the above-mentioned modes of capacitor operation should be calculated. 


J Ve Vib + Crot 


Figure 2. Equivalent Circuit for Calculating Switching Transient Capacitor System 


3.4. Capacitor Switching Constraint 
A pole-mounted capacitor shall be allocated in such a way as to prevent high inrush currents caused 
by its interaction with other capacitors on the distribution system. The peak value of the inrush current in 


pole-mounted capacitor j shall be less than the magnitude /,,,, determined by the acceptable value of peak 
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current for its capacitors in [18] or switchgear. The /,f¢ duty of a transient current in the pole-mounted 


capacitor due to its energization shall not exceed the maximum value maximum power loss reduction at i-th 
load level is determined as follows: 


n 
Crp = Cg x YAP xT; 


L 


i=l (6) 


Where © is cost of energy losses; . is time duration of load level i. 


3.5. Annual return 


The annual return obtained from the capacitor application Crot can be presented by Equations (4) 
and (6) as: 


k 
Cror = Cor + Crp + Cer + Cop - LC; 
i (7) 


Where Ce the annual cost of the station capacitor bank; C j capacitor j. The main system 


advantages due to capacitors’ application, as was shown above, depend on KVAR ratings 0 j> location l j 


and control of the pole-mounted capacitors. So, if the MVAR of the station capacitor bank is specified, the 
optimal allocation and control of pole-mounted capacitors can achieve the maximum return. 


4. CAPACITOR ALLOCATION CONSTRAINTS 
Determining sizes and locations of pole-mounted capacitors requires taking into account constraints 
imposed by voltage variation at the load nodes and by capacitor switching transients. 


4.1. Voltage Constraint 

The voltage constraints can be taken into account by specifying upper and lower limits of voltage 
variation at the nodes of the distribution system [16-17]. For every node m in the distribution system at every 
load level i, these constraints can be expressed as 

V2. 


2 2 4 
min &Vini S Vina: = 1,..4M i =1,..., n 


(8) 


Where m the total number of nodes in the distribution system. 


5. ADVANTAGE OF SYSTEM CAPACITY 
A pole-mounted capacitor shall be allocated in such a way as to prevent high inrush currents caused 
by its interaction with other capacitors on the distribution system. The peak value of the inrush current in 


pole-mounted capacitor j shall be less than the magnitude Imax j determined by the acceptable value of peak 


current for its capacitors [18] or switchgear. The / °(t ) duty of a transient current in the pole-mounted 


: : ae : 2 ‘ 
capacitor due to its energization shall not exceed the maximum value [ (t ) that the fuses can withstand 


max 
without spurious melting [17]. 

In general, determining the transient switching current of a capacitor energized in a distribution 
system which contains other capacitors requires use of the Electromagnetic Transient Program [19]. To 
impose the current switching constraints on capacitor allocation, we propose a simplified analytical method 


to determine the peak switching current and its /, (t ) value. This method is based on the assumption that 


during switching of a capacitor all other capacitors already considered as a single capacitor in [19]. 
Therefore, the capacitances of the already switched capacitors can be lumped together. The switching current 
of pole-mounted capacitor, due to its interaction with other capacitors, can be calculated using the equivalent 


circuit of capacitor back-to-back switching in [20] refer to Figure 2. Back-to-back switching current I .y, (t ), 
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which results from switching a capacitor with capacitance C j against the equivalent system capacitor with 


capacitance C,, 


or» can be expressed as: 


eq 
t 
2 Cog iL 1 
Iewt)= Vip x Ed na eq sin t 
3 Log Log X Cog 
2 
Ip 284 py Bea 
C. 4 
= (9) 
= CjCToCoqg e : 3 : . 
Where C,, == 2 is equivalent capacitance of the circuit; R, and L,, are alternating 
q Ci +Crot eq eq 


current resistance and inductance, respectively, between the capacitor being energized and the capacitor 


already energized; V,, is phase-to-phase maximum system voltage. The peak value of the inrush current 


I 


: 2 : : ; ; 
SW max and its I (t ) value can be expressed in terms of rated reactive power of the considered capacitor 


Q; , tated reactive power of the corresponding equivalent system capacitor Q_,, and their mutual impedance: 


V2 ie -/ Qj Oot 


I = Vib: . 
Phe V3 a Leg 3 (0) +0.:)X., 


Q; Dror 


co 
't.= 2 thdt = 
j J s(t 3.(0; + Qo: )Reg-© 


(10) 


Where X , as oL, n the equivalent reactance between the capacitors and V the fundamental 


angular frequency. Therefore, the capacitor switching constraints imposed on the allocation of pole-mounted 
capacitor j can be presented as 
I’t 


is =F i ee (11) 


swmax j =! max j S max j 


Imposing the switching constraints on allocation of every pole-mounted capacitor requires 
R., ; Aine The calculation of the 


above parameters is achieved by circuit reduction with reference to the node of the considered pole-mounted 
capacitor. The station capacitor bank presents an equivalent capacitor on the station bus bars. This capacitor 
in its turn is paralleled with other capacitors on the feeder, where the considered capacitor is installed. 
Paralleling branches with capacitors implies lumping together their capacitances along with connecting their 
impedances in parallel. 


calculation of parameters of the equivalent circuit of its switching: Q_,,, 


6. THE CATSWARM SEARCH ALGORITHM 

The problem formulated in this paper is a complicated combinatorial optimization problem. The 
total number of different solutions to be examined is very large, even for rather small problems. An 
exhaustive examination of the enormous number of possible solutions is not realistic, considering time 
limitation. The total number of different solutions to be examined is very large, even for rather small 
problems. Thus, because of the search space size of the reliability optimization for MSS, a new meta- 
heuristic is developed in this section. This meta-heuristic consists in an adaptation of the Cat Swarm search 
algorithm (CSO) optimization method to this specific problem. 


6.1. The CSO Overview 

Optimization is prevalent in almost all field of science and engineering. In recent years several 
optimization methods are proposed and used such as Swarm Optimization Algorithm (CSO).Chu et al.[21] 
divided CSO algorithm into two sub-models based on two of the major behavioural traits of cats. These are 
termed seeking mode” and tracing mode”. In CSO, we first decide how many cats we would like to use in the 
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iteration, then we apply the cats into CSO to solve the problems. Every cat has its own position composed of 
dimensions, velocities for each dimension, a fitness value, which represents the accommodation of the cat to 
the fitness function, and a flag to identify whether the cat is in seeking mode or tracing mode. The final 
solution would be the best position of one of the cats. The CSO keeps the best solution until it reaches the 
end of the iterations [22]. 

When applying the CSO algorithm to solve optimization problems, the initial step is to make a 
decision on the number of individuals or cats to use. Each cat in the population has the following attributes: 
1) a position made up of M dimensions; 2) velocities for each dimension in the position; 3) a fitness value of 
the cat according to the fitness function; and; 4) a flag to indicate whether the cat is in seeking mode or 
tracing mode. The CSO algorithm keeps the best solution after each cycle and when the termination 
condition is satisfied, the final solution is the best position of one of the cats in the population. CSO has two 
sub-modes, namely seeking mode and tracing mode and the mixture ratio MR dictates the joining of seeking 
mode with tracing mode. To ensure that the cats spend most of their time resting and observing their 
environment, the MR is initialized with a small value. The CSO algorithm can be described in 6 steps as 
presented in [7][9]. 

Step 1. Create N cats in the process. 

Step 2. Randomly sprinkle the cats into the M-dimensional solution space and randomly give 
values, which are in-range of the maximum velocity, to the velocities of every cat. Then haphazardly pick 
number of cats and set them into tracing mode according to MR, and the others set into seeking mode. 

Step 3. Evaluate the fitness value of each cat by applying the positions of cats into the fitness 
function, which represents the criteria of our goal, and keep the best cat into memory. Note that we only need 
to remember the position of the best cat (Xbest) because it represents the best solution so far. 

Step 4. Move the cats according to their flags, if cat, is in seeking mode, apply the cat to the seeking 
mode process, and otherwise apply it to the tracing mode process. 

Step 5. Re-pick number of cats and set them into tracing mode according to MR, then set the other 
cats into seeking mode. 

Step 6. Check the termination condition, if satisfied, terminate the program, and otherwise repeat 
Step 3 to Step 5 


7. The GSA Principle 
Basic flowchart diagram for CSO algorithm show in Figure 3. 
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Figure 3. Basic Flowchart Diagram for CSO Algorithm 
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8. ILLUSTRATIVE EXAMPLE 

The cat swarm search algorithm program developed on the base of the proposed new meta-heuristic 
algorithm has been successfully used for optimal allocation of about 25 pole-mounted capacitors in 09 
distribution systems of Algerian Company of Electricity and Gaz (EGA). The optimum capacitor allocation 
and control have been determined for real distribution system models including 50 of loads supplied through 
radial distribution feeders of real configuration. The real ALDC of the step-down transformers have been 
used. In order to give clear illustration of the proposed method consider optimal capacitor allocation on the 
simplified distribution system fed by the 90/30 KV and 3*30 MVA station transformer see Figure 3. The 
transformer is installed on a station with three uniformly loaded transformers. Loading of each transformer in 


peak-load condition is Stans OW Mee , Le. 80% of the transformer MVA rating. According to 


EGA reliability requirements to power supply, the peak-load loading of a transformer on a three-transformer 
substation shall not exceed 85% of the transformer MVA rating. Therefore, the further station load growth 
will require construction of an additional transformer substation and of HT transmission lines to connect it to 
the system grid. The construction of a new substation can be deferred by applying medium voltage power 
capacitors. Types of 30 kV capacitors to be used for reactive power compensation and their annual costs are 
listed in Table 1. It is assumed that the both transformers have similar ALDC presented as the following 
function of time ¢: 


AC(t) = 1-0.34.r +.0.154043.1? — 0.036351? +..+2° 


The year is divided into 20 equal intervals. Apparent power on the primary side of the considered 
transformer during interval i S1i is assumed to be constant and is expressed as: 


$1; =0.5.S1 max(AC(Gs)+ AC (Ke) 


Where f,,and f,, are the beginning and the end of the interval i. The distribution network 


considered is presented in Figure 3. It is assumed that the load is uniformly distributed between four feeders. 
To simplify system description and at the same time some general regularity in capacitor allocation, each 
feeder is presented as the combination of uniformly distributed load with end concentrated load. Each feeder 
includes 50 load nodes separated from each other by uniform feeder sections of 200 m and total length of 


each feeder is 17 km. Specific impedance of the feeders is Z, = 0.22— j0.34 Q.km. The considered 


transformers have the following parameters: 


_ R= 0.0046 PU 
_ X;, = 0.1842 PU 
APrr = 29.3 kw 


AQpp = 42.3 kVAr 

The voltage regulator changes the transformation factor with the load variation so as to keep 
secondary voltage V, =, 23.6 kV. 

Equivalent system resistance of the transmission system is: R,, = 2.63 © corresponding 


to 90 kV. 
The annual system costs are: 


Cor = 28.5 S/KkKW 
c, = 42.6 $/kW 
Cr =0.03 $/kWh 


First, optimal capacitor allocation was determined regardless of the capacitor switching constraints. 
The optimum solution includes five pole-mounted capacitors of 1800 KVAR rating to be installed in addition 
to the station capacitor bank: 

- Four pole-mounted capacitors are uniformly divided among the feeders, so that each capacitor is 
connected to load bus 50 of the corresponding feeder 09,6 km from the station 
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- One pole-mounted capacitor is connected to the station bus-bars in parallel to the substation 
capacitor bank. Switching of the latter pole-mounted capacitor against the station capacitor bank already 
energized will cause failures of its capacitors together with spurious melting of its fuses. 

To determine optimal capacitor allocation with regard to the capacitor switching constraints, the 


acceptable values of the pole-mounted capacitors Tmax and 13(¢max) were calculated among the Table 1. The 
optimum capacitor allocation solution includes five pole-mounted capacitors of 20 KVAR rating to be 
installed in addition to the substation capacitor bank as shown in Figure 3. Like in the previous solution, four 
pole mounted capacitors are connected to 50 load busses of the corresponding feeders. An additional 
capacitor is connected to load bus five of the first feeder. To maximize energy loss reduction, the pole- 
mounted capacitors shall be in operation throughout the year, while the station bank shall be energized only 
8760 h in the year. The results of capacitor allocation can be explained as follows: 

Placement of 20 kVAr capacitors at bus 50 of the considered feeders provides maximum peak 
power and energy loss reduction in the feeders. On the other hand, system thermal capacity releases peak- 
power and energy loss reduction in the feeders. Maximum system benefits are yielded if the station capacitor 
bank and additional 16 KVAR capacitor are placed at the station bus-bars. In order to comply with the 
capacitor switching constraints, some impedance shall be inserted between the capacitor bank and the pole- 
mounted capacitor. Placing the capacitor on one of the feeders at 1 km from the station bus-bars. The 
effectiveness of the capacitor allocation solution presented in Figure 3 is shown in Table 2. 


8.1. Description if the System to be Optimized 

The electrical power station system with optimal shunt capacitor allocation which supplies the 
consumers is designed with 3 basic sub-systems. The detailed process of the electrical power system 
(production system, transformers system and MT fedeers distribution). The process of electrical power 
system is described as follows: The electrical power is generated from the station generators (sub-system 1). 
Then transformed for medium voltage (MT) by the MT transformers (sub-system 2) and distributed by MT 
feeders (sub-system 3) which supplies the MT load. A bank of compensation capacitors will be installed in 
the medium bus and on feeders. 
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Figure 4. Optimal Capacitors Allocation 


8.2. Optimal solution given by the Cat Swarm search algorithm 
Parameters of Annual Load Demand Curve and Optimal Solution of General System is shown in 
Table | and 2. 


Table 1. Parameters of Annual Table 2. Optimal Solution of General System 
LoadDemand Curve Item Amount Annual Cost M.DA 
“#OfLoad + 50Bus Bar System Capacity Release 8MVA 0.855.000 
Demand (%) 98 % Peak-Load Loss Reduction In System 100 kw 0.520600 
Duration (h) 6780 Capacity Cost 1.622000 
Annual Save 10.067000 
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9. CONCLUSION 

The program developed in this paper is based on the proposed algorithm has been successfully used 
for optimal shunt capacitor allocation of about 25 pole-mounted capacitors in 09 distribution systems of west 
Algerian Network. The optimum capacitor allocation and control have been determined for real distribution 
system models including 50 of loads supplied through radial distribution feeders of optimal configuration. In 
order to give clear illustration of the proposed method considers optimal capacitor allocation on the 
simplified distribution system fed by the 90/30 kV station transformer shows the parameter of annual load 
demand curve. 

The method can reduce the peak load loss in the system, capacity cost and a considerable annual 
save will be obtained. In the description by applying the cat swarm search algorithm, we determine the 
optimal allocation capacitor downstream of the transformers and in feeders. The program is done in Java and 
the time to find the optimal solution is about 2 mn. 
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